We have revisited the Blake-Tolstoi theory [Coll. Surf. 47, 135 (1990)] for molecular and hydrodynamic slip and applied it to the fundamental description of acoustic wave devices coupled to a liquid of finite thickness. The aim is to provide a framework for a predictive model for slip, based on surface-liquid interactions and contact angle. This theory provides a description of slip that links a hydrodynamic boundary slip, to a schematic, molecular description involving the wettability of the liquid-solid interface.
I. Introduction
The thickness-shear mode acoustic wave device (TSM) has found rapidly increasing use as a sensor for biochemical species present in the aqueous phase. 1 The principle of detection lies in the binding of a particular analyte to a chemically-selective receptor moiety, which is attached to the surface of the device. This technique has its origins in the work of Sauerbrey, 2 who related changes in the series resonant frequency to changes in surface-attached mass. In this treatment, any rigidly attached mass (in this case stemming from the gas phase) was assumed to possess the acoustic properties of the piezoelectric material employed for the fabrication of the sensor. In the liquid phase, the device is operated at high frequencies, normally in the Megahertz range, over very small displacements (3-10 Å). As a result of the high speeds involved, complex hydrodynamic behavior may exist at the surface-liquid interface. The surface experiences shear rates on the order of
γ& 1000 s -1 , which corresponds to the high shear regime and may result in strong slip. 3, 4 There are varied interpretations of boundary slip, depending on the application. Slip can be seen as a discontinuity in the equations of motion at an interface, which are invoked through boundary conditions. This is known as hydrodynamic slip and has been applied in various forms across a wide range of areas, most notably in describing the flow of polymer melts. Most of the early advances in this field are attributed to de Gennes and co-workers. [5] [6] [7] [8] Another interpretation is molecular slip, which describes the motion of individual particles close to an interface. Israelachvili 9,10 describes stick-slip motion, which involves the dynamics of sliding friction between surfaces. Blake and co-workers [11] [12] [13] have used molecular-kinetics to characterize droplet spreading and hydrodynamic wetting.
A common hydrodynamic model of slip is the slip length boundary condition 3 , which describes a vertical shift in the velocity profile so that the no-slip point occurs at some distance, a slip length b, within the solid surface, and there is a finite liquid velocity at the wall, as shown in Figure 1 . This description has been used extensively in describing the slip of polymer melts and in the explanation of observations of drainage flow in the surface force apparatus (SFA). For the slip length, shear rate is a strong determinant as to whether slip will occur. 14, 15 At small shear rates, molecular ordering of a liquid near a wall is strong enough to retain the liquid molecules at the wall, which is the no-slip condition. However, as the shear rate of the liquid is increased, the shear stresses in the liquid become strong enough to overcome the ordering induced by the wall, and motion of the molecules adjacent to the wall may increase. At lower shear rates, this motion is on the order of a few molecular diameters and so appears as no-slip at the macroscopic level. At higher shear rates, the motion becomes much more prevalent, on the order of tens or hundreds of nanometers, which can be observed macroscopically. Joshi et al. 16, 17 have developed a comprehensive model to predict slip in the flow of polymer melts over polymer surfaces.
The nature of the surface and the surface-liquid interaction also influences slip.
Barrat and Bocquet 18 used a molecular dynamics simulation to show slip behavior during the wetting and de-wetting of hydrophobic surfaces. Other molecular dynamics studies predict slip at high shear rates, in a variety of configurations. [19] [20] [21] [22] Many experimental studies using atomic force microscopy or the surface force apparatus have noted slip of both hydrophobic and hydrophilic liquids on hydrophobic surfaces at high shear rates, with slip lengths on the order of tens or hundreds of nanometers. A recent study 23 has even found slip of water at a hydrophilic interface at high shear rates (10 4 s -1 ), with slip lengths on the order of 10 nm being measured. Thompson et al. 24 suggested the possibility of slip at the interface of a TSM device operating in liquids, which was reiterated by Pit et al. 25 This idea, however, has met with stiff resistance from the acoustic sensor community, which in many cases continues to use models with no-slip boundary conditions, such as the Sauerbrey model for attached mass and the Kanazawa and Gordon result for the response to liquid loading. 2, 26 While the no-slip boundary condition has been applied successfully in many cases, it may not represent an accurate description for complex biomolecular adsorption in liquids. 27 The motional resistance R m is another experimental value that can be measured along with the series resonant frequency, f s . It is a measure of the amount of energy dissipated by any adsorbed mass or liquid at the surface, and can be thought of as due to the internal friction of a viscous or viscoelastic layer. R m is related to the dissipation factor, D, and its inverse Q, the filter quality-factor. 36 showed that, at a solidliquid interface, the complex value α is related to the real-valued slip length by
. Furthermore, to a first-order approximation for small slip lengths the slip parameter s is related to the slip length b by s = b/η f where η f is the liquid viscosity. 36, 37 This implies that, in certain circumstances, the stress and velocity boundary conditions are equivalent.
Despite the proliferation of experimental evidence and theoretical models for interfacial slip at solid-liquid boundaries, [3] [4] [5] [6] [7] [8] [14] [15] [16] 18, 20, [38] [39] [40] [41] [42] [43] [44] there is currently no method predict the occurrence of slip, or its strength, on acoustic wave device surfaces. It is therefore difficult to determine whether interfacial slip is occurring or whether the acoustic responses are being influenced by other physical mechanisms. In an attempt to introduce the framework for such a model, in this article we apply the Blake-Tolstoi treatment of molecular slip 45, 46 to the fundamental description of acoustic wave devices coupled to a liquid of finite thickness. This theory provides a description of slip that links a hydrodynamic slip boundary condition, to a schematic, molecular description involving the wettability of the liquid-solid interface.
II. Theory
The following application of the slip boundary condition is based on an acoustic model that includes the hydrodynamic slip boundary condition and the Blake-Tolstoi description of molecular slip. 45, 46 It is summarized here for convenience, as well as to highlight some additions to the model.
A. Slip on an Acoustic Device
We begin with a finite liquid in contact with a solid surface oscillating in the shear direction at a frequency ω = 2πf, where f is the resonant frequency of the combined system. The surface has a velocity of s q & , which is determined by the properties of the solid and the liquid is of finite thickness t f . This situation is shown in Figure 2 .
The liquid velocity for a single fluid layer with no slip is, from McHale et al., 33, 37 ( )
where k f is the liquid wave number This gives the expected behavior of a damped sinusoidal shear wave in the liquid.
Normally, acoustic wave experiments involve the measurement of electrical properties, which can be linked to the acoustic impedance of the device. The impedance of the single-fluid layer device is
The change in series resonant frequency f s and damping D can be estimated using the impedance from
where ρ q and t q are the density and thickness of the device substrate. The slip length is then included in the velocity boundary condition as
The velocity expression then becomes
From a first-order Taylor expansion, assuming that b/δ << 1 and using Eq. 5, the velocity
and the liquid velocity at the wall is given by ( )
The acoustic impedance for the slip case becomes
From Eqs. 3 and 8, the acoustic properties can be calculated. The impedance can also be described using the slip parameter s, using the substitution s = b/η f . 36, 37 In the model explained below, Blake 45 introduced a surface pressure term to account for the possibility that the boundary mobility may be less than the bulk. Inclusion of the surface pressure can result in negative slip lengths. McHale and Newton 37 have shown that for small, negative slip lengths, Eq. 8 can provide an apparent "trapped mass" contribution to the frequency response of a TSM. Thus, a hydrodynamic slip boundary condition can be a suitable formulation to describe a rough, but completely wetted, TSM surface. However, a recent study 47 has shown that positive boundary slip in fact increases with increasing surface roughness, as opposed to the negative slip length discussed above.
The "trapped gas" model is, however, a mathematical formulation, and there is no experimental evidence for trapped mass when using TSM devices with optically-flat surfaces, as is the case for many devices. 27 Molecular slip is a plausible alternative scenario. In the following section, we consider the situation of molecular mobility as it is related to slip at a smooth, partially-wetting, TSM surface.
B. Molecular Mobility and Surface Tension
The Tolstoi-Blake 45, 46 treatment of molecular slip is based on a molecular-kinetic description of mobility and diffusion of liquid molecules near a surface. We begin with 
where γ SV and γ SL are the surface tensions of the solid/vacuum and solid/liquid interfaces.
The factor αA must be estimated, but is expected to be on the order of σ 
This theory predicts that the mobility of liquid molecules at the boundary between a liquid and a solid is the same as in the bulk liquid when the surface is completely wetted (θ → 0 o ), but that a partially-wetting surface (θ > 0 o ) results in liquid molecules at the boundary being more mobile than in the bulk phase. Since the mobility of a molecule is the average velocity with respect to surroundings when acted upon by a force of unit magnitude, we anticipate that the same shear stress will result in different velocity gradients across at least the first molecular layer in contact with the solid compared to those in the liquid.
C. Molecular Slip
From continuum fluid mechanics the slip velocity ∆v s induced by a shear stress τ is ∆v s = τ/κ, where τ is the shear stress and κ is the liquid-solid coefficient of friction 3, 32, 33 and ∆v s is the discontinuous change in velocity at the mathematical surface representing the wall. It is evident that for infinite friction, there is no slip, and for no friction, there is infinite slip. The molecular situation is shown in Figure 3 . From the shear stress in a viscous liquid,
and the trigonometry of Figure 3 which gives ∆v s = CD = b(dv/dz), we deduce,
Equation 15 is the result commonly used by de Gennes and others. 3, 4, 6, 42 It is interesting to note that the friction coefficient κ is equivalent to the slip parameter s = η f /b used by
McHale et al. 33 The result in Eq. 15 is a continuum result. To complete the development, a molecular description is required. The molecular mobility at the surface is related to the motion of particles near that surface. For a bulk shear rate of (dv/dz) induced by the shear stress τ, the velocity of a molecule relative to its neighbor would be r(dv/dz), where r is the mean distance to the center of an adjacent molecule. The force on the molecule would then be would be r 2 τ and the mobility is
For molecules near the surface, with the presence of slip, we would replace the bulk shear rate with a different boundary shear rate (dv/dz) s , still for a given τ. The velocity gradient near the surface was described schematically by Tolstoi, and is shown in Figure 3 . It shows that
Therefore, the slip length used in the hydrodynamic model for acoustic wave devices is related to the ratio of boundary to bulk mobility by b = r(u s /u -1). Figure 3 illustrates a molecular description of the hydrodynamic slip boundary condition shown in Figure 1 .
Rearranging Eq. 17 and inserting Eq. 13, we find 23 However, the current theory does not predict this.
Assuming a spherical liquid molecule, then, from Eq. 18, the slip length can be estimated from the literature and experimental data related to the contact angle.
Moreover, based on knowledge of the contact properties between a liquid and a solid, we can approximate the behavior of an acoustic wave device in liquid, using Eqs. 3, 8, and
18. To the best of our knowledge, this is the first direct predictive model for slip behavior on an acoustic wave device that links surface and contact properties to acoustic properties. In the following sections, we explore the behavior of the model over a range of contact and surface values, and then discuss its physical limitations and potential applications.
III. Model Behavior
To assess this slip length model, we will evaluate its behavior over a range of situations. The dependence of slip length on contact angle shows the expected exponential dependence, with low slip values for completely wetting films, followed by a rapid increase for partially-wetting liquid, and then flattening out for non-wetting films.
This is shown in Figure 4 for water (γ LV (25ºC) = 72.0 mN/m, ii σ ≈ 2.76 Å, r ≈ 3.85 Å) over a range of contact angles, which is experimentally equivalent to varying the interaction of the surface with the water. While this situation demonstrates the expected qualitative behavior of the model, it predicts slip lengths lower by at least an order of magnitude than those deduced from experimental observations, both on a TSM 36 and in other systems. 14, 41, 43, 50 This is due to the sensitivity of the model to the molecular diameter σ, the mean separation r, and the fraction of the microcavity within the solid α.
The liquid would not behave as close-packed particles, so using the same value for both the molecular size σ and intermolecular separation r would not be realistic. Figure 5 shows the change in slip length for various values of r, including that of water. Since the mean separation enters the model in Eq. 18 as a proportionality factor, it does not greatly influence the behavior, and values for slip length are still low in this model. However, caution must be exercised in treating r solely as a proportionality factor, since r likely enters the exponent in the factor αA. This point is discussed further in the following section. Figure 6 shows the change in slip length with molecular diameter σ, which appears in the model within the exponent. It therefore has a strong effect on the slip length, and produces physically realistic values when σ ≈ 5 Å. Figure 7 shows the variation in slip length with α, which is the fraction of the molecular cavity that is solid. The shape of Figure 7 is similar to that of Figure 6 , since both σ and α enter the model in the exponent.
However, the slopes are different, since σ is squared in the area, and thus has a greater effect. Blake did not offer a method for determining the microcavity fraction α, though it may be analogous to calculating the contact area for an elastic sphere in contact with a solid surface.
In the analysis of Figures 5, 6 and 7, r and σ were assumed independent. It is important to note that this is likely not the case, since the separation between polar molecules depends on the interaction between them, as well as the size of the individual molecules. While an analysis of this relationship is essential for the complete characterization of the predictive model, it is very rigorous, and will not be covered here.
iii Since the intermolecular separation r only enters the model as a linear factor, for the remainder of this study, we treat r and σ independently. indicating a decrease in interfacial coupling, the resonant frequency shift and the dissipation both decrease. This is because less energy is lost through viscous interactions with the liquid as the coupling decreases. The resonant frequency responds faster to changes in coupling, which is observed in a similar slip model, 33 indicating that frequency is a more sensitive indicator of surface coupling than dissipation.
The shear rate in the liquid is found from the velocity profile, which decays rapidly with decay length δ. When slip is introduced, the velocity at the wall is reduced, as shown in Figure 10 for a 100-µm thick film of water, with density 0.997 g/m 3 and viscosity 0.914 cP, at a surface speed of 0.3 mm/s. Here, r = 9 Å, σ = 6 Å and α = 1/6.
These situations deal solely with the surface-liquid interface, where the surface layer is treated as a pure solid and the liquid as mobile. In biosensor applications, there are always biomolecule and linker layers present that act as the signal transducers as surfacelayer reactions proceed. Binding events may alter the wettability, which in turn would affect the slip length, either increasing or decreasing it. However, there are other factors that can also play a role in slip. The internal structure, most importantly the viscoelasticity of the linker and biomolecule layers, will affect the relative velocity at the solid-liquid interface. 4 This does not refer to the bulk acoustic properties of the film, but the stiffness-induced hydrodynamic properties of the interface, which is shown to be a factor in oscillatory flow in nonequilibrium molecular dynamics studies.
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IV. Conclusions
We have revisited the Blake-Tolstoi theory for molecular and hydrodynamic slip and applied it to the surface-liquid interface of an acoustic wave sensor in liquid. For a complex biomolecular surface, understanding the relationship between hydrophobicity and acoustic wave response may give insight into conformation and structure changes at the surface. The current theory shows the expected qualitative behavior of a predictive model for slip. Although not a complete quantitatively predictive model, physically reasonable results are obtained by adjusting the particle size and surface microcavity fraction. It is important to note, however, that the manipulation of particle size and surface microcavity size is not physically realistic and it must be emphasized that this
was only done to demonstrate the qualitative behavior of the model.
There are significant limitations to the above theory, many of which are discussed by Tolstoi and Blake. The foremost of these is the difficulty in estimating the microcavity fraction α. This was noted by Tolstoi, who simply assumed α = 1/6 and 1/9 to correspond to experimental data. In doing so, α becomes another fitting parameter.
Another limitation is that Frenkel's original approach is schematic, and therefore The contact angle varies from 0 to 180º, for microcavity fraction α = 1/6, molecular diameter σ = 6 Å, and intermolecular separation r = 9 Å. 
